The rate of tidal disruption events (TDEs), R TDE , is predicted to depend on stellar conditions near the super-massive black hole (SMBH), which are on difficult-to-measure sub-parsec scales. We test whether R TDE depends on kpc-scale global galaxy properties, which are observable. We concentrate on stellar surface mass density, Σ M , and velocity dispersion, σ v , which correlate with the stellar density and velocity dispersion of the stars around the SMBH. We consider 35 TDE candidates, with and without known X-ray emission. The hosts range from star-forming to quiescent to quiescent with strong Balmer absorption lines. The last (often with post-starburst spectra) are overrepresented in our sample by a factor of 35 +21 −17 or 18 +8 −7 , depending on the strength of the Hδ absorption line. For a subsample of hosts with homogeneous measurements, Σ M = 10 9 -10 10 M /kpc 2 , higher on average than for a volume-weighted control sample of Sloan Digital Sky Survey galaxies with similar redshifts and stellar masses. This is because: (1) most of the TDE hosts here are quiescent galaxies, which tend to have higher Σ M than the star-forming galaxies that dominate the control, and (2) the star-forming hosts have higher average Σ M than the star-forming control. There is also a weak suggestion that TDE hosts have lower σ v than for the quiescent control. Assuming that R TDE ∝ Σ α M × σ β v , and applying a statistical model to the TDE hosts and control sample, we estimateα = 0.9 ± 0.2 andβ = −1.0 ± 0.6. This is broadly consistent with R TDE being tied to the dynamical relaxation of stars surrounding the SMBH.
INTRODUCTION
Tidal disruption events (TDEs) are luminous flares predicted to occur when a super-massive black hole (SMBH), generally found in the centers of galaxies (see, e.g., Graham 2016) , disrupts and accretes a star that orbits it within the tidal radius of the SMBH (Hills 1975; Rees 1988) . Theory suggests that disruption takes place when the tidal radius is larger than the Schwarzshild radius, which is satisfied when the mass of the SMBH, M • , together with the mass and radius of the disrupted star, M and R , follow M • 10 8 M (R /R ) 3/2 (M /M ) −1/2 (Kesden 2012) . Roughly half of the disrupted star is unbound and leaves the system, while the rest of the material falls onto the SMBH and forms an accretion disk. It is the circularization of the accretion disk, or collisions between the infalling streams of matter, that is thought to cause the observed flare (e.g., Lacy et al. 1982; Evans & Kochanek 1989; Phinney 1989) .
TDE candidates were first detected in archival searches in the soft X-ray part of the spectrum (e.g., Grupe et al. 1995; Bade et al. 1996; Komossa & Bade 1999; Komossa & Greiner 1999) , where they are expected to peak (Ulmer 1999) . In recent years, most new TDE candidates have been discovered in optical, realtime transient surveys, such as the All-Sky Automated Survey for SuperNovae (ASASSN; Holoien et al. 2017) , Palomar Transient Factory (PTF; Rau et al. 2009) , and the Panoramic Survey Telescope and Rapid Response System (PanSTARRS; Kaiser et al. 2002) . Several TDE candidates were discovered in archival data from the Sloan Digital Sky Survey (SDSS; York et al. 2000) , in both imaging (van Velzen et al. 2011 ) and spectroscopy (due to the presence of high-ionization coronal lines; e.g., Komossa et al. 2009; Wang et al. 2011 Wang et al. , 2012 .
The Open TDE Catalog currently lists ∼ 66 TDE candidates.
1 However, it is still unclear what observational features define a TDE as opposed to, e.g., a flaring active galactic nucleus (AGN) or a supernova (see, for example, Auchettl et al. 2017b or the discussion surrounding ASASSN-15lh; e.g., Dong et al. 2016; Leloudas et al. 2016; Liu et al. 2017; Margutti et al. 2017) . Moreover, most objects do not have multiwavelength coverage, and it is unclear if the objects we collectively call "TDE candidates" all belong to one monolithic class. For example, while many TDE candidates are observed in X-rays, as expected, some are detected in the UV/optical but show no signs of X-ray emission (e.g., Gezari et al. 2012) . We refer to all TDE candidates in this paper as "TDEs."
1 https://tde.space/ Recently, Auchettl et al. (2017a, hereafter A17) conducted a comprehensive analysis of the X-ray emission of all the TDE candidates in the literature and theorized that, rather than two separate groups of astronomical phenomena, the division between X-ray-and optically/UV-bright TDEs was due to the latter type of objects originating in systems with enhanced column densities. This leads to significant reprocessing of the X-rays emitted by these "veiled" TDEs, so that they are not observed in this part of the spectrum.
The TDE rate is expected to depend on the mass of the SMBH along with the density and velocity dispersion of stars in orbit around it. Theoretical formulations predict a TDE rate of ∼ 10 −4 yr −1 per galaxy (Magorrian & Tremaine 1999; Wang & Merritt 2004; Stone & Metzger 2016) . While some observational studies have estimated similar rates (e.g., Esquej et al. 2008; Auchettl et al. 2017b ), others imply a rate an order of magnitude lower (e.g., Donley et al. 2002; Gezari et al. 2008; van Velzen & Farrar 2014; Holoien et al. 2016b) .
For a star to be disrupted by the SMBH, it needs to enter its "loss cone," i.e., the star's trajectory and velocity have to be such that it will enter the space between the Schwarzshild and tidal radii of the SMBH. The most straightforward way for this to happen is through collisional two-body relaxation, although other dynamical mechanisms have been suggested (see Alexander 2012 for a review). Thus, it is natural to expect that the TDE rate would depend on the mass of the SMBH and the density and velocity dispersion of the stars in the loss cone. Regrettably, as the size of the loss cone is on sub-pc scales, these properties cannot be measured directly.
Some local galaxy properties, however, are correlated with global properties on kpc scales, which can be measured. Based on integral field observations, Cappellari et al. (2006) showed that the central stellar velocity dispersions of galaxies are correlated over galactic scales and the dependence of the central stellar velocity dispersion on aperture size is very weak. There exists a well known correlation between the stellar velocity dispersion, σ v , and the black hole mass (e.g., Kormendy & Richstone 1995; Magorrian et al. 1998; Gebhardt et al. 2000; Tremaine et al. 2002; McConnell & Ma 2013) . Thus, the central stellar velocity dispersion is correlated with properties of the central SMBH. Similarly, galaxy light profiles of massive galaxies are smooth and thus the stellar surface mass density, Σ M , measured within the half-light radius is correlated with the central stellar surface mass density. Thus, while we are not able to probe the host galaxy on the pc-scales corresponding to the loss cone of the SMBH, we can examine global galaxy properties on kpc scales that correlate with galaxy properties on small scales. Arcavi et al. (2014) , French et al. (2016, hereafter F16) , and French et al. (2017) analyzed a sample of eight TDEs that fall into this second class of events. They had all been discovered by optical surveys, had no detectable emission in X-ray observations, 2 and had optical spectra that showed wide Hα and He II emission lines. A majority of these TDEs were hosted by quiescent, Balmer-strong galaxies characterized by weak or no emission lines coupled with deep Balmer absorption features. These features hint that, although current star formation is either low or nonexistent (hence the lack of emission lines), the galaxy experienced a large burst of star formation in the last Gyr or so, leaving behind A stars that are characterized by their Balmer absorption features. This type of star-formation history is often seen in post-starburst galaxies, as they evolve from late-type, star-forming galaxies to early-type, quiescent galaxies (e.g., Dressler & Gunn 1983; Zabludoff et al. 1996; Zahid et al. 2016a) . As this is a transitional phase, post-starburst galaxies represent only ≈ 0.1-2.0% of all galaxies. Based on this TDE sample, F16 concluded that the TDE rate in quiescent Balmer-strong galaxies was boosted by a factor of ∼ 30-200. Stone & Metzger (2016) have suggested that the overabundance of TDEs in these rare galaxies could be due to the high density of stars in the cores of post-merger galaxies (Yang et al. 2004 (Yang et al. , 2006 (Yang et al. , 2008 Swinbank et al. 2012; Zahid et al. 2016a) .
Here, we use a sample of 35 TDEs and a volumeweighted control sample of galaxies (described in Section 2) to formulate an empirical relation between the TDE rate and global galaxy properties. In Section 3, we show that TDEs preferentially occur in galaxies that have higher stellar surface mass densities than the galaxies in the control sample. This effect is due to the star-forming TDE hosts, which have higher Σ M values on average than the star-forming subsample of control galaxies. We also find a suggestion that quiescent TDE hosts may have lower stellar velocity dispersions than the quiescent-galaxy control sample. Also, we confirm that quiescent Balmer-strong galaxies are overrepresented among TDE hosts. This overrepresentation may arise, at least in part, because these galaxies also exhibit high stellar densities. In Section 4, we statistically model the TDE rate. Consistent with theory, our TDE sample suggests a direct (and significant) dependence of the TDE rate on stellar surface mass density and an inverse (but not significantly different than zero) dependence on velocity dispersion. We discuss our results in Section 5 and summarize them in Section 6.
Throughout this paper we assume a Λ-cold-darkmatter cosmological model with parameters Ω Λ = 0.7, Ω m = 0.3, and H 0 = 70 km s −1 Mpc −1 .
DATA
We describe our TDE sample in Section 2.1 and summarize its properties in Table 1 . The control galaxy sample is described in Section 2.2.
TDE sample
Our TDE sample comprises 35 events, most of which are taken from A17. The TDE candidates were classified according to a combination of their available X-ray data, followed by data in other wavelengths. Accordingly, the TDEs are classified into four groups: X-ray TDEs, likely X-ray TDEs, possible X-ray TDEs, and veiled TDEs. The criteria for each group are defined in section 3.1 of A17. All four groups share the following basic criteria:
1. The candidate's location is consistent with the nucleus of its host galaxy.
2. There is no evidence of an AGN. 
3.
A supernova or gamma-ray burst classification of the candidate has been ruled out.
The X-ray TDEs, likely X-ray TDEs, and possible X-ray TDEs also have X-ray emission, where requirements regarding the shape and quality of an event's X-ray light curve, as well as its peak brightness, are gradually relaxed for each successive group. Finally, veiled TDEs are candidates that have no known X-ray emission but have been classified as TDEs according to their UV/optical data (we refer the reader to A17 for a detailed account of the X-ray observations of each TDE in our sample). The TDEs used here, grouped according to this classification scheme, are presented in Table 1 .
2 Except for ASASSN14li, which was observed to have soft Xray emission (Holoien et al. 2016b) . Arcavi et al. (2014) detected X-ray emission at the location of PTF09axc, but were unable to determine if it was directly related to the TDE candidate.
3 Despite this criterion, we keep the host galaxies of ASASSN14li, PS16dtm, F01004, SDSS J0952, and SDSS J1350, which are known to host AGNs (e.g., Prieto et al. 2016) e TDEs with optical spectra that exhibit high-ionization coronal lines.
The A17 classification scheme includes a measure of the reliability of a given event being a bona-fide TDE (i.e., "likely" TDEs are more reliable candidates than "possible" TDEs). Throughout this work, we test whether our results are biased by the inclusion of less-reliable TDE candidates by repeating the statistical analyses using different TDE subsamples: (1) all TDEs excluding "possible" TDEs; (2) only TDEs with known X-ray emission; (3) TDEs with known X-ray emission but excluding "possible" X-ray TDEs; (4) veiled TDEs with no known X-ray emission (including those objects with coronal lines or broad H or He features); (5) TDEs with spectra that exhibit broad H or He lines; and (6) the eight TDEs analyzed by F16. The results of these tests, which find no significant dependence on the choice of TDE subsample, are collected in Table 2 .
We also include 3XMM J1500 (Lin et al. 2017 ), F01004 (Tadhunter et al. 2017) , PS16dtm (Blanchard et al. 2017) , and iPTF16axa (Hung et al. 2017) , which were published after A17 had been submitted. According to the A17 criteria, we treat these events as a likely X-ray TDE and three veiled TDEs, respectively. TDE1 (van Velzen et al. 2011) was not classified by A17 because there were no X-ray observations overlapping the position of the TDE. Based on its optical emission, we treat this event as a veiled TDE. iPTF15af, which was included in the F16 sample, was not detected in X-rays and so is classified here as a veiled TDE with broad H/He features (Blagorodnova et al., in prep., and private communication) .
The objects in our sample were selected according to the A17 classification (i.e., we did not include TDEs that were rejected by A17) and by the availability of hostgalaxy spectra that covered the Hα and Hδ features, necessary for our analysis in Section 3, below. The latter requirement biases our sample against TDEs in highredshift galaxies. However, this leads to the exclusion of only one TDE, Swift J2058, at z ≈ 1.2.
Where available, we collect the host-galaxy spectra of our TDEs from the literature, the SDSS, or the Baryon Oscillation Spectroscopic Survey (BOSS; Dawson et al. 2013) . When a spectrum was published as a plot in a paper but the data were unavailable (namely, 2MASX J0249 and the two host-galaxy candidates of RX J1242; Esquej et al. 2007; Komossa & Greiner 1999) , we use the WebPlotDigitizer 4 to digitize the figure. Two of the TDEs, namely RX J1420 (Greiner et al. 2000) and RX J1242 (Komossa & Greiner 1999; Vaughan et al. 2004) , each have two potential host galaxies identified by their discoverers. We analyze all four galaxies in this work, and in Section 3.4 pay special attention to RX J1420.
Our TDE sample is heterogeneous, as it includes TDEs collected and classified by different surveys. As noted by Graur et al. (2017) , heterogeneous samples should be treated with care, as they propagate the different classification, survey depth, and selection biases of the surveys they draw from. F16 attempted to allay this problem by limiting their sample to flares that were discovered by optical surveys and had spectra that showed broad Hα or He II features. While this insured a more homogeneous sample, it also limited its size. As we note in Section 1, it is still unclear whether or not veiled TDEs and X-ray TDEs form two separate classes of objects. As such, we test whether the overabundance of veiled TDEs in quiescent Balmer-strong galaxies is unique to those objects, or whether other types of TDEs also occure in this rare type of galaxy. By relying on the systematic classification of A17 and analyzing all hostgalaxy spectra in the same manner, we alleviate the worst biases inherent in a heterogeneous sample. The results we report in Section 3, below, bolster our confidence in these measures.
Control galaxy sample
In the following sections, we compare the host galaxies of the TDE sample in Table 1 to a representative sample of SDSS galaxies. We select galaxies from the 12th data release (Alam et al. 2015) 5 SDSS Main Galaxy Sample consisting of ∼ 900, 000 galaxies observed over ∼ 10, 000 deg 2 to a limiting magnitude of r < 17.77 mag. The spectral range of the SDSS observations is 3800−9200Å at a resolution of R ∼ 1500 at 5000Å (Smee et al. 2013) .
We limit the comparison sample to galaxies in the redshift range 0.01 < z < 0.2, which covers ∼ 86% of the redshifts of the TDE host galaxies in our sample.
6 The lower redshift limit ensures that distance estimates are not severely affected by peculiar velocities. The upper redshift limit means the sample contains bright, intrinsically rare galaxies. A two-sided Kolmogorov-Smirnov test does not reject the null hypothesis that the redshift distribution of the TDE hosts is drawn from the same distribution as the redshifts of the control sample, at a p-value of 0.01. Furthermore, varying the redshift limit of the sample, e.g., to 0.01 < z < 0.1, has no significant effect on our results.
The galaxies in our control sample range in stellar mass from log(M /M ) = 6.5 to 12.3. The TDE hosts for which we measure stellar masses, on the other hand, are limited to a range of log(M /M ) = 9.2-10.8. In Sections 3.2 and 4.2, we control for this narrower stellar mass range and show that applying different stellar mass cuts to the control sample has very little effect on our results.
The SDSS survey is magnitude limited and thus the same objects are not observed throughout the survey volume; only nearby fainter objects are included in the sample. Our aim is to compare the TDE host galaxy properties to the properties of the general galaxy population. To account for the magnitude limit of the survey, we derive a volume weight for each galaxy in the sample. This volume weight corresponds to the survey volume over which a particular galaxy may be observed given the magnitude limit of the SDSS. This approach is analogous to the volume weighting first proposed to account for incompleteness when deriving the quasar luminosity function (Schmidt 1968) .
The sample is observed over a large redshift range, so we must account for the shift in the photometric bands. We K−correct the individual measurements to z = 0.1 and derive a mean K−correction for the sample as a function of redshift, which we apply to the magnitude limit. Figure 1A shows the K−correction as a function of redshift. The median correction in bins of redshift is K r (z) = 1.09z 0.1 + 3.31z 2 0.1 − 2.5log 10 (1.1), (1) where z 0.1 = z − 0.1. We apply the best-fit correction to the magnitude limit shown in Figure 1B .
We calculate the volume weight from the absolute magnitude limit plotted in Figure 1B . The limit is
where L D is the luminosity distance and A r = 0.086 mag is the average r −band extinction. We invert this relation to determine the maximum redshift, z max , over which an object of particular absolute magnitude may be observed. For objects with z max > 0.2, we set z max = 0.2. The volume weight is
Here δ sky is the fraction of sky observed by SDSS and r max and r min are the maximum and minimum comoving distance, respectively. We determine r max from z max and r min is the comoving distance at z = 0.01. In this work, we concentrate on several global galaxy properties: stellar mass, M ; size (by way of the Sérsic half-light radius, r 50 , as measured in the r band); stellar velocity dispersion, σ v ; and surface mass density,
where, following Cheung et al. (2012) , we have emitted the constant 2π in the denominator. We derive stellar masses with the Lephare code (Arnouts et al. 1999; Ilbert et al. 2009 ) and SDSS ugriz c-model magnitudes (Stoughton et al. 2002; Doi et al. 2010) , corrected for line-of-sight extinction via the Schlafly & Finkbeiner (2011) reddening maps. rband half-light radii, measured through a Sérsic profile fit, were taken from the Value Added Galaxy Catalog produced by the New York University group (Blanton We apply the fit of the correction to the magnitude limit plotted in (B). (B) K−corrected absolute r −band magnitude as a function of redshift. Black points are individual galaxies and dashed line delineates the magnitude limit as a function of redshift. We use the magnitude limit and absolute magnitude to determine the volume over which each galaxy may be observed. For clarity, we plot a random subset of the full sample.
et al. 2005)
. Velocity dispersions were calculated by the Portsmouth Group.
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We apply several quality cuts to the galaxy sample. As detailed below, we exclude galaxies with:
1. Bad Hα fits (i.e., χ 2 ≤ 0; 0.8% of the sample).
Bad velocity dispersion measurements (σ
3. Bad stellar mass measurements (M < 0 or σ(M ) ≤ 0; 0.9% of the sample).
4. Bad diameter measurements or values smaller than the SDSS seeing of ∼ 1.2 (0.6% of the sample).
5. Evidence of AGN: we exclude composite galaxies (6.5% of the sample, 1.9% after volumeweighting), AGNs (3.1%, 0.7%), and low signal-tonoise LINERS (10.4%, 2.1%), which correspond to classes 3-5 in the Galspec BPT classification (Baldwin et al. 1981; Kauffmann et al. 2003; Brinchmann et al. 2004) .
After these cuts, we are left with 443, 023 galaxies. While the TDE hosts are not drawn from the SDSS 7 http://www.sdss.org/dr12/spectro/galaxy_portsmouth/ control sample, they satisfy cuts 1-4 (AGN activity is discussed in full in Section 3.3).
GLOBAL PROPERTIES OF TDE HOST GALAXIES
In this section, we first test whether TDEs are overabundant in quiescent Balmer-strong galaxies, then show that TDE host galaxies are preferentially found in galaxies with higher surface mass densities than the general galaxy population. We also find a hint that quiescent TDE hosts may have lower velocity dispersions than the control quiescent population. Quiescent Balmer-strong galaxies are also known to have high stellar surface mass densities, but we cannot yet tell whether their overabundance is driven solely by this property. Finally, we use the test case of RX J1420 to show that the global galaxy properties we focus on here can be used to identify TDE host galaxies in cases where there is more than one candidate host.
TDEs and quiescent Balmer-strong galaxies
We begin by testing whether the overabundance of TDEs in quiescent Balmer-strong galaxies reported by Arcavi et al. (2014) and F16 persists in our larger sample of TDE host galaxies (34 objects vs. 8). We repeat the analysis performed by F16 and compare the locations of the TDE hosts in the phase space spanned by Hα equivalent width (EW) and Lick Hδ A absorption relative to a control sample of volume-weighted SDSS galaxies.
To compare our results with those of F16, we analyzed the host-galaxy spectra in the same manner, by fitting for the Lick Hδ A index, which probes stellar absorption from A stars (Worthey & Ottaviani 1997) , and the Hα EW, which probes current star formation. Following Dressler et al. (1999) , quiescent Balmer-strong galaxies were selected as having deep Hδ absorption features (Hδ A − σ(Hδ A ) > 4Å) and little ongoing star formation (Hα EW < 3Å). The latter value corresponds to a specific star formation rate of 10 −11 yr −1 , below which galaxies are usually considered to be "quiescent" (e.g., Elbaz et al. 2011; Graur et al. 2015) . Hδ A was not corrected for emission-line filling, but the Hα EW was corrected for stellar absorption, since these effects are expected to be negligible and significant, respectively, in quiescent Balmer-strong galaxies.
As in F16, we differentiate between quiescent Balmerstrong galaxies (classified as those galaxies with Hδ A − σ(Hδ A ) > 4Å) and quiescent, "moderately" Balmerstrong galaxies (for which the requirement on Hδ A − σ(Hδ A ) is relaxed to > 1.31Å). The galaxies in the first category are unambiguously post-starburst galaxies (F16), but galaxies in the second category have spectra that could arise from either post-starburst or truncated star-formation histories. To remain exact, we will continue to refer to these galaxies as "quiescent Balmerstrong" throughout the paper. Our control sample includes 324 quiescent Balmer-strong galaxies and 2543 quiescent moderately Balmer-strong galaxies. These account for 0.3% and 1.2% of the comparison galaxy sample, respectively.
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Our analysis differs from that of F16 in three ways:
1. Our control sample is volume-weighted, so it accounts for the fact that low-mass, low-luminosity galaxies at high redshifts are missed in magnitudelimited surveys such as the SDSS.
2. We do not limit the control sample to galaxies with spectra with a median signal-to-noise ratio ≥ 10 (to remove galaxies with spurious Hα measurements), as such a cut would remove ≈ 16% of the galaxy sample (before applying the volume weights) and bias it toward more luminous, massive galaxies.
3. F16 required Hδ A > 1.31Å for the quiescent, moderately Balmer-strong galaxies, but we pre-fer to use the same criterion (Hδ A − σ(Hδ A )) for both Balmer-strong and moderately Balmerstrong galaxies. Figure 2 shows the locations of the Balmer-series lines in the TDE host galaxy spectra used here, along with the resulting classifications into star-forming, quiescent, and quiescent Balmer-strong galaxies. We do not show the spectra of those galaxies studied by F16, as they have already been presented in that paper. Table 1 lists the TDEs in our sample, along with the properties of their host galaxies and the source of each spectrum.
In Figure 3 , TDE hosts are found in both star-forming and quiescent galaxies. However, as pointed out by F16, there is a third locus of TDE host galaxies in the region that contains quiescent Balmer-strong galaxies.
The low fractions of quiescent Balmer-strong galaxies out of the general galaxy population imply an overabundance of TDEs in quiescent Balmer-strong and moderately Balmer-strong galaxies of 4/35/0.003 = 35 
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−11 , respectively), they are consistent within the 2σ and 1σ uncertainties, respectively. Table 2 shows that the choice of TDE subsample has no significant effect on the overrepresentation of quiescent Balmer-strong galaxies. Although formally the F16 and broad H/He subsamples produce overabundance ratios that are ∼ 2-3 times as high as those produced by the other subsamples, all values are consistent within their uncertainties. Importantly, we find the same overabundance values for TDEs with and without known X-ray emission.
Five of the host galaxies in our sample have redshifts z > 0.2. Of these, one is a moderately Balmer-Strong galaxy. Removing these galaxies from the sample does not have a significant impact on the overabundance of post-starburst galaxies among the TDE hosts in our sample.
In Figure 4 , we show each type of TDE on its own in the Hα-Hδ A phase space. Due to the small number of events in each panel, we cannot draw statistically significant conclusions. However, several points stand out:
1. The X-ray TDEs ASASSN14li, Swift J1644, and XMM J0740 are all found in quiescent galaxies. Of these, the first two are quiescent Balmer-strong galaxies. 
2σ (1σ) 6 0.9 ± 0.3 −1.0 ± 0.9 6 9.5
2σ (1σ) 6 0.9 ± 0.2 −1.1 ± 0.9 6 9.6 +0.5 −0.1 4σ (3σ) 6 1.8
a The TDE subsamples contain the following types of TDEs: (1) All TDEs; (2) All TDEs except for "possible" X-ray TDEs;
(3) All veiled TDEs (including those with broad H/He features or coronal lines); (4) TDEs with broad H or He features; (5) All TDEs with known X-ray emission; (6) X-ray and likely X-ray TDEs; and (6) the eight veiled TDEs with broad H or He features analyzed by F16. b Number of TDEs in the specific subsample.
c Number of TDE hosts that are quiescent, Balmer-strong (post-starburst) galaxies (sQBS).
d All overabundances, including those for the F16 sample, were calculated assuming quiescent Balmer-strong (sQBS; HδA − σ(HδA) > 4Å) and quiescent moderately Balmer-strong galaxies (mQBS; HδA − σ(HδA) > 1.31Å) account for 0.3% and 1.2% of all galaxies in the volume-weighted sample, respectively. e Number of TDE hosts that are quiescent, moderately Balmer-strong galaxies (mQBS, a fraction of which are expected to be starburst galaxies). f Median of log(ΣM /M /kpc
2 ) values for the TDEs in the specific subsample. g We used a binomial test to ascertain the statistical significance of the higher stellar surface mass densities of the TDE hosts.
For these tests, 88% and 71% of the galaxies in the volume-weighted sample have values log(ΣM ) < 9.5 and log(ΣM ) < 9, respectively. These values represent the median of the ΣM values and the lower limit of the TDE hosts, respectively. The significance of the test that uses the more conservative limit of log(ΣM ) < 9 is shown in parentheses. h Median of log(σv/km s −1 ) values for the TDEs in the specific subsample. i We used a binomial test to ascertain the statistical significance of the lower velocity dispersions of the TDE hosts. For these tests, 48% and 0.09% of the galaxies in the volume-weighted sample have values log(σv) > 1.8 and log(σv) > 2.2, respectively. These values represent the median of the σv values and the upper limit of the TDE hosts, respectively. The significance of the test that uses the more conservative limit of log(ΣM ) > 2.2 is shown in parentheses. j Number of TDE hosts with ΣM and σv values measured in the same manner as for the control galaxies. Figure 2 . TDE host galaxy spectra used in this work. The spectra of the host galaxies analyzed by F16 are not shown, since they already appear in that paper. The rest-frame spectra have been rebinned into 10Å bins. The purple, red, orange, and blue colors represent hosts of X-ray TDEs, likely X-ray TDEs, possible X-ray TDEs, and veiled TDEs, respectively. The dashed gray lines denote the wavelengths of the Balmer series: Hδ, Hγ, Hβ, and Hα. The galaxy type ("Q" for quiescent; "SF" for star forming; "SF/AGN" for galaxies with Hα EW≥ 3Å with AGN activity (see Section 3.3); "sQBS" for quiescent Balmer-strong galaxies with HδA − σ(HδA) > 4Å; and "mQBS" for quiescent, moderately Balmer-strong galaxies with 1.31Å < HδA − σ(HδA) ≤ 4Å.) is noted above every panel, along with the name of the TDE. The two panels of each TDE spectrum are not on the same flux scale. The Ho et al. (1995) spectra of NGC 5905 do not cover the Hδ line and are not shown here. HδA absorption for an SDSS sample of galaxies at redshifts 0.01 < z < 0.2 (blue and red dots, which represent star-forming and quiescent galaxies, respectively) and TDE host galaxies (white squares). For display purposes, the galaxies in this figure have not been volume weighted (see Section 2.2), and the upper and lower panels have different linear scalings. The gray patches, delineated by black dashed and solid curves, mark the regions of this phase space inhabited by quiescent Balmer-strong (poststarburst) and moderately Balmer-strong galaxies (some of which are post-starburst). Thirty-five TDEs are represented in this figure (RX J1242 and RX J1420 each have two possible host galaxies). The majority of these broadly follow the global galaxy distribution, with two loci in star-forming and quiescent galaxies. Once the galaxy sample is weighted by volume, quiescent Balmer-strong galaxies account for 0.3-1.2% of the sample. Between 4-8 of the TDE hosts are quiescent, Balmer-strong galaxies, indicating a lower, but still considerate over-abundance of TDE candidates in this rare type of galaxy.
2. Likely and possible X-ray TDEs are found in both star-forming and quiescent galaxies.
3. More than half of the veiled TDEs, including those with broad H or He lines, are found in quiescent galaxies, including hosts with strong Balmer absorption lines.
4. TDEs with coronal line emission are all found in star-forming galaxies. At a given Hα emission, these objects also have shallower Hδ A absorption features than the background star-forming galaxy population. This effect may be driven by the TDE line emission filling in the Hδ A absorption. While the emission line filling of the Hδ A absorption from star formation will affect both the TDEs and SDSS galaxies, the additional effect of the ongoing TDE observed in the coronal-line TDE host spectra would act to decrease the measured Hδ A absorption. In order to quantitatively address this scenario, a fuller picture is required of how the narrow line emission evolves in TDEs with time, and relative to the coronal line emission. Such an analysis is outside the scope of this work, but will be important to understand the underlying host galaxy emission in coronal line emitting TDEs.
5. Overall, TDEs in star-forming galaxies appear to be shifted to lower Hδ A absorption values than the general star-forming population. This shift may be due to: (1) filling of Hδ A by emission from the TDE if it was still active when the galaxy spectrum was taken (e.g., SDSS J0748), see above; (2) different stellar mass distributions for the TDE hosts and control galaxy sample (which we tested by cutting on stellar mass and rule out); (3) contamination of the Hα line by an AGN or LINER, which affects a few of the TDE hosts (see Section 3.3); and (4) a physical difference between the TDE hosts and comparison galaxy sample.
Surface stellar mass density and velocity dispersion
Of the 37 TDE hosts in our sample, 16 appear in both the NYU and Portsmouth value-added catalogs, which allows us to measure their global galaxy properties in the same way as for the control galaxy sample. This allows us to make an "apples-to-apples" comparison between the hosts of these TDEs and the general galaxy population. Table 3 summarizes the values of these properties for the TDE host galaxies in this subsample.
9
While this subsample of TDEs accounts for only half of our full sample, it includes all four types of TDE as classified by A17 and spans a wide dynamical range in galaxy properties, including, most importantly, a galaxy stellar mass range of log(M /M ) ≈ 8.5-11, over which TDEs are expected to occur.
To test theoretical estimates of the TDE rate, which find a dependence on the density and velocity dispersion of the stars around the SMBH, we concentrate here on global stellar surface mass density, Σ M , and velocity 9 The Lephare fitting code failed to calculate stellar masses for SDSS J1350 and SDSS J0159. In these instances, we adopted masses calculated by either the Portsmouth or Galspec pipelines. The masses from these pipelines were corrected for being 0.13 dex larger, on average, than those produced by Lephare (see Zahid et al. 2016c for the difference between the Portsmouth and Lephare values. We calculated the difference between the Galspec and Lephare masses ourselves.). Figure 4 . TDE subsamples in Hα-HδA phase space. While the small number of events in each panel precludes any statistically significant statement, we see the following: (1) X-ray TDEs are found in quiescent galaxies, including hosts with strong Balmer absorption features; (2) likely and possible X-ray TDEs are found in both quiescent and star-forming galaxies; (3) more than half of the veiled TDEs, including those with broad H or He lines (marked with a '+'), are found in quiescent galaxies, including hosts with strong Balmer absorption lines; (4) veiled TDEs with coronal lines (marked with an '×') lie in star-forming hosts; and (5) overall, TDEs in star-forming galaxies appear to be shifted to lower HδA absorption values than the general star-forming population. ASASSN14li, ASASSN15oi, and SDSS J0748 appear twice. The first two, marked by a purple square and an orange diamond, respectively, are an X-ray TDE and possible TDE with optical spectra exhibiting broad H and He features. The third event, discovered due to the coronal lines in its spectrum, also exhibits broad H and He features. dispersion, σ v . In the following sections, we will often refer to the base-10 logarithms of these properties. In these cases, the units will be log(Σ M /(M /kpc 2 )) and log(σ v /km s −1 ). For simplicity, we will omit the units from now on.
Thirteen TDE hosts have concrete Σ M measurements based on LePhare stellar masses and Sérsic half-light radii, 10 and are shown in Figure 5 . Fourteen hosts have σ v measurements from the Portsmouth pipeline, and a subsample of ten have both types of measurements. The last sample is marked in Figure 5 with purple squares. We address the rest of the TDEs in Table 3 at the end of this section.
Some of the TDE hosts in Table 3 have velocity dispersion values lower than the typical SDSS instrumental resolution of 60 km s −1 (Thomas et al. 2013 ). However, 10 Two TDE hosts are unresolved, leading to lower limits on their sizes and upper limits on their surface mass densities. A third galaxy, RX J1420-B is an outlier and is dealt with in detail, below.
we choose to keep these objects in our sample. Recently, Wevers et al. (2017) measured velocity dispersions for 12 TDE hosts. Six of these (ASASSN14li, ASASSN14ae, PTF09ge, iPTF15af, D23-H1, and TDE1) also have Portsmouth velocity dispersions, which are consistent, even when the Portsmouth values are formally lower than the SDSS instrumental resolution. The host galaxy of PS16dtm, which has a Portsmouth velocity dispersion of 45 ± 13 km s −1 , also had spectra taken by Xiao et al. (2011) We control for galaxy stellar mass by testing how limiting the stellar mass range of the volume-weighted control sample changes the distributions of Σ M and σ v . We use several stellar mass ranges: (1) the complete galaxy sample, without any cut (shown in Figure 5 ); (2) galaxies with log(M /M ) > 8, which include all galax- were computed by the Portsmouth and Galspec pipelines, respectively. For these galaxies, the measured masses were reduced by 0.13 dex to reflect the average systematic offset between the results of LePhare and the other pipelines. b r -band Sérsic half-light radius in arcsec, as it appears in the NYU value-added catalog, and in kpc after conversion based on the SDSS redshift (except for SDSS J1201, which has a non-SDSS redshift, and NGC 5905, which is ≈ 39 Mpc away). Following Zahid et al. (2016b) , we adopt an uncertainty of 0.1 dex on these values. c Surface stellar mass density, computed as ΣM = log[(M /r e TDE type, according to A17.
f Host-galaxy type, where quiescent (Q) and star-forming (SF) galaxies are defined as having Hα EW< 3Å and Hα EW≥ 3Å, respectively. Quiescent Balmer-strong galaxies (QBS) have Hα EW< 3Å and HδA − σ(HδA) Lick index > 1.31Å. Galaxies with Hα EW≥ 3Å and evidence of AGN activity are labeled as SF/AGN (see Section 3.3). g We treat RX J1420-B as an outlier and exclude it from all calculations and statistical tests; see Section 3.4.
h TDE hosts with r -band Petrosian (instead of Sérsic) half-light radii. Stellar masses were derived using LePhare, except for D3-13, where the mass was derived by van Velzen (2017) using kcorrect. ies that are expected to have SMBHs massive enough to create TDEs; (3) galaxies with log(M /M ) > 9, as all our TDE hosts have masses larger than this lower limit; (4) galaxies with log(M /M ) > 9.5, at which point we begin to exclude TDE host galaxies; and (5) galaxies with log(M /M ) < 11, as more massive galaxies, which harbor SMBHs with Schwarzshild radii that extend beyond the tidal radii, are not expected to harbor TDEs. Table 4 and Figure 7 show the results of these tests, which we discuss below.
11 Figure 5 shows that TDE host galaxies are found in a narrow band of stellar surface mass density with a median of log(Σ M ) = 9.5 +0.4 −0.1 , where the uncertainties reflect the 16th and 84th percentiles of the distribution of 13 TDE hosts with secure Σ M measurements. All thirteen of these TDE hosts have redshifts z < 0.2, similar to the galaxies in the control sample.
We test the null hypothesis that the distribution of TDE hosts traces that of the control galaxy population by calculating the probability of obtaining x obs or fewer TDE hosts with Σ M values below some critical value (either the median Σ M of the TDE hosts or a lower limit on Σ M below which there are no TDE hosts in our sample). For this test, we use the binomial distribution:
where n is the number of TDE hosts in our sample, and p and x are the fraction of the control galaxy population and number of TDE hosts, respectively, with stellar surface mass densities smaller than the critical value. We express the resultant p-value in terms of the Gaussian distribution's standard deviation, σ, and claim a result as significant if the null hypothesis is rejected at a > 3σ significance. When we use the median Σ M value, n = 13, p = 0.88, and x obs = 3, and we sum Equation 5 for x = 0, 1, 2, 3. In this case, the null hypothesis that the stellar surface mass density of the TDE hosts traces that of the control sample is rejected at > 5σ significance. For the more conservative lower limit, chosen so that x obs = 0, p = 0.71, the probability of obtaining x obs or fewer hosts below this lower limit is just Equation 5 with x = 0. The null hypothesis is still rejected at > 5σ.
Additionally, a Mann-Whitney U test rejects the null hypothesis that the distributions of TDE host and control-galaxy Σ M have the same medians with a pvalue of < 0.01. Table 4 and the right-hand panel of Figure 5 show that this effect is driven by star-forming TDE hosts, which have significantly higher Σ M values than the starforming control sample. In comparison, quiescent TDE hosts have Σ M values more similar to the quiescent control galaxies (i.e., the same binomial test yields only a > 2σ offset), which have higher Σ M values to begin with.
These trends grow weaker as we limit the control sample to successively more massive galaxies. When using either the median or lower limit Σ M values noted above, the binomial test provides insignificant (< 3σ) results for the overall control sample at stellar mass cuts of > 10 9.5 M , and for the star-forming galaxy subsample at > 10 9 M . Likewise, the p value of the MannWhitney U , for all galaxies and star-forming galaxies specifically, rises to > 0.01 when we limit the stellar mass of the control sample to > 10 9.5 M . This happens because as we exclude less-massive galaxies, we remove galaxies with lower stellar surface mass densities from the control sample.
If there is a selection effect that somehow disfavors detecting TDEs in star-forming galaxies with low stellar surface mass densities, it might affect our conclusions that TDE hosts prefer galaxies with log(Σ M ) > 9 values. Yet this is unlikely for several reasons. First, starforming galaxies with low Σ M values are generally less massive, and thus less luminous, as well as less dusty (Zahid et al. 2013) , making it easier to detect TDEs in them. Second, if veiled TDEs, i.e., those TDEs without detected X-ray emission as opposed to those merely unobserved in X-rays, have high extinction, we would expect to see even more TDEs in lower-mass, less dusty galaxies. Finally, we examine the possible effects of the optical coronal lines present in some of the spectra of the veiled TDE sample. If the TDEs were already present when their images were taken by the SDSS, it could lead to an underestimation of their half-light radii and thus an overestimation of Σ M . The images of SDSS J1342 and J1350 were taken one and two years prior to their spectra, respectively, but it is unknown when the TDEs occurred. SDSS J0748, on the other hand, was imaged only four months before its spectrum was taken, and the spectrum exhibits broad H and He features in addition to the coronal lines, indicating that the TDE had occurred in the recent past. As some TDEs (e.g., ASASSN14li; Holoien et al. 2016b ) have exhibited broad H and He features months after they were first detected, it is possible that the TDE in SDSS J0748 was already present when the SDSS image was taken. Removing it from the sample, however, does not change our results. Thus, we do not claim a detection of an offset between the velocity dispersions of TDE hosts and those of the general galaxy population. However, the observation that quiescent TDE hosts have lower velocity dispersions, at least when compared to the peak of the quiescent galaxy control sample, is suggestive, for two reasons: first, more compact galaxies tend to have highernot lower-velocity dispersions, as shown by Zahid & Geller (2017) ; and second, theoretical formulations of the TDE rate claim an inverse dependence on velocity dispersion. Table 2 once more shows that our results do not depend significantly on the choice of TDE type used in the analysis. The significance of the higher density of the TDE hosts drops as the size of the TDE sample decreases, but only drops to > 2σ when we confine the analysis to three X-ray and likely X-ray TDEs. Likewise, all TDE types have hosts within the same range of velocity dispersion values, but the significance of TDE hosts having a lower median velocity dispersion than the overall control sample drops to > 2σ earlier, when the sample is limited to < 9 events. Figure 5 shows that all types of TDEs considered in this work occupy the same Σ M -σ v phase space. This clustering is also true regardless of whether the hosts of these TDEs are star-forming, quiescent, or quiescent Balmer-strong.
Depending on the choice of stellar mass cut on the background galaxy sample (no cut, as well as log(M /M ) > 8, 9, and 9.5), the phase-space occupied by the TDE hosts in Figure 5 , bound by log(Σ M ) > 9 and log(σ v ) < 2.2, accounts for 24%, 31%, 48%, and 56% of the overall volume-weighted galaxy sample. The same binomial test used above shows that the clustering of TDE hosts in this portion of phase space is significant at 5σ, 5σ, 3σ, and 3σ, respectively. While performing the analysis described here, Wevers et al. (2017) published a sample of velocity dispersions for 12 TDEs. Eight of those have SDSS imaging but do not appear in the NYU value-added catalog, in some cases because their spectra are not from the SDSS legacy survey (e.g., TDE1 and D23-H1). We can use these data to test our results that TDE hosts prefer galaxies with high Σ M values. To do so, we substitute SDSS r -band Petrosian half-light radii for the Sérsic half-light radii from the NYU catalog, 12 and measure M using LePhare and the galaxies' SDSS cmodel magnitudes (Table 3). 13 To this sample, we add 3XMM J1521, which has a Portsmouth velocity dispersion but no Sérsic halflight radius. The host-galaxy type is derived either from Table 1 or from the TDE discovery papers (quiescent for both D3-13 and iPTF16axa; Gezari et al. 2008; Hung et al. 2017) . The star-forming nature of the host of D23-H1 is apparent from its BOSS spectrum. D3-13 and iPTF16axa are not included in Table 1 as we do not have their host-galaxy spectra. They were classified as possible X-ray and veiled TDEs, respectively, by A17.
Because the properties of these TDE hosts are derived differently than for the SDSS control sample and for the hosts used in our analysis, we do not include them in our formal statistical analysis. However, as shown in Figure 5 , taking them into account would only strengthen our claims, as these nine TDE hosts fall in the same Σ M -σ v phase space identified earlier. The only TDE host lying outside of this phase-space is that of PS1-10jh, but even its stellar surface mass density, given the uncertainty, is consistent with the rest of the sample.
TDE hosts with AGNs
Several of the TDE hosts in our sample are known, or suspected, to harbor AGNs. These galaxies could potentially bias our results for two reasons: First, quiescent galaxies with AGNs that exhibit broad Hα emission lines could be mistaken for star-forming galaxies, as our only criterion for such a classification is an Hα EW≥ 3Å. Second, at a given stellar mass, AGN host galaxies will appear more compact than other galaxies due to the bright AGN in their cores.
As we describe in Section 2.2, we remove AGNs from the SDSS control sample by excluding galaxies with Galspec BPT classifications of composite, AGN, or low-S/N LINER. French et al. (2017) found LINER-like emission in ASASSN-14li as well as most of the veiled TDEs they studied. However, the ionization source was ambiguous, and could be related to evolved stars (e.g., Yan & Blanton 2012) or merger shocks (Rich et al. 2015; Alatalo et al. 2016) .
12 On average, the Petrosian r 50 are larger than the Sérsic R 50 by ∼ 0.3 , which we take into account in our calculations.
13 LePhare failed to derive a stellar mass for D3-13. Instead, we use the value measured by van Velzen (2017) using kcorrect (Blanton & Roweis 2007) . Figure 5 . Stellar velocity dispersion (σv) vs. stellar surface mass density (ΣM ) of TDE host galaxies. Left: TDE hosts with galaxy properties measured as for the SDSS control sample are marked with purple squares. Hosts with ΣM values based on Petrosian (instead of Sérsic) half-light radii, most of which have velocity dispersions from Wevers et al. (2017) , are denoted by gray circles (see Table 3 ). Contours represent the 25th, 50th, and 84th percentiles of the volume-weighted background galaxy distribution. The phase space delineated by the dashed gray line includes 24% of the galaxies in the control sample. Right: The galaxy and TDE host samples are divided into star-forming (blue) and quiescent (red) galaxies. RX J1420-A is found with the rest of the TDE hosts, while RX J1420-B is a stark outlier, hinting that the former galaxy is the real host. Whether we do not apply a stellar mass cut (shown here), or require log(M /M ) > 8, 9, or 9.5 (Figure 7) , we find that TDE hosts have significantly higher stellar surface mass densities than the general galaxy population. This trend is driven by star-forming TDE hosts, which have higher ΣM values than the star-forming control galaxies. Quiescent TDE hosts have ΣM values consistent with those of the quiescent control galaxies. There is also some evidence that quiescent TDE hosts have lower σv values than the quiescent control population (the significance of this offset depends on the σv range considered). The gray squares shown in the left panel, though not included in the formal statistical analysis, are consistent with these trends.
Our TDE host sample includes five galaxies with strong evidence for AGNs: ASASSN14li , along with an AGN classification from Galspec), F01004 (Tadhunter et al. 2017 ), PS16dtm (Blanchard et al. 2017) , SDSS J0952, and SDSS J1350. The last two are classified by Galspec as composite and AGN, respectively.
Five more TDE hosts have conflicting evidence of AGN activity, or evidence that the AGN does not dominate the light of the galaxy. PTF09ge is classified by Galspec as a low-S/N LINER, but a close inspection of its SDSS spectrum reveals it to be a quiescent galaxy where an AGN, if present, does not dominate over the light of the galaxy. Arcavi et al. (2014) noted that the X-ray emission and [O III]/Hβ emission-line ratio of the host of PTF09axc was consistent with a very weak AGN. Bower et al. (2013) discovered radio emission from SDSS J142025.18+533354.9, a galaxy offset from both RX J1420A and RX J1420B, which were identified by Greiner et al. (2000) as the potential host galaxies of the RX J1420 flare. Esquej et al. (2007) note that 2MASX J0249 is classified as a Seyfert 1.9 galaxy according to its Hα line, but that it fails the [N II] 6583Å/Hα AGN diagnostic. Ground-based spectra of NGC 5905 identify it as a starburst galaxy (Ho et al. 1995; Komossa & Bade 1999) ; only a Hubble Space Telescope 0.1 STIS slit is narrow enough to filter out the stellar content of the nucleus and reveal low-luminosity Seyfert 2 emission-line ratios (Gezari et al. 2003) .
In all of the statistical analyses conducted in this work, excluding the TDE hosts listed above has no significant impact on our results. Specifically, of the five TDE hosts listed as star-forming in Table 3 and used in the binomial test, two have AGN activity (PS16dtm and SDSS J1350). As noted above, NGC 5905 is a starbursting galaxy on kpc scales, and is treated here as star-forming. The last two galaxies, namely SDSS J0748 and SDSS J1342 are definitively classified as star-forming (by their colors, specific star-formation rates, and BPT diagnostics). The binomial test continues to reject the null hypothesis that the star-forming TDE hosts have similar stellar surface mass densities as the control star-forming galaxies at high significance even when the number of star-forming TDE hosts is reduced to these last three.
The case of RX J1420
RX J1420.4+5334, referred to here as RX J1420, was reported by Greiner et al. (2000) as an X-ray source that a Fraction of volume-weighted galaxy sample below the median ΣM of TDE hosts, log(Σ TDE med ) = 9.5 for both quiescent and star-forming galaxies, or the lower range of TDE host ΣM values, log(Σ TDE min ) = 9, in parentheses. b Significance of binomial test for each ΣM value given the cuts on stellar mass and galaxy type (all, quiescent, or star-forming).
c p-value of Mann-Whitney U test that compares the medians of the TDE host and control ΣM distributions.
d Fraction of volume-weighted galaxy sample above the median σv of TDE hosts, log(σ TDE med ) = 1.8 for quiescent and log(σ TDE med ) = 1.9 for star-forming galaxies, or the upper range of TDE host σv values, log(σ TDE max ) = 2.2, in parentheses. e Significance of finding no TDEs above each σv value given the cuts on stellar mass and galaxy type (all, quiescent, or star-forming).
f p-value of Mann-Whitney U test that compares the medians of the TDE host and control σv distributions.
varied by a factor of 150 in flux between template ROSAT observation and the ROSAT All-Sky Survey in 1990. Following A17, we treat this object as a likely TDE candidate. Greiner et al. (2000) identified two possible host galaxies in optical images within the 10 -radius error circle of ROSAT's High Resolution Imager. Following Greiner et al. (2000) , we label these hosts RX J1420-A and RX J1420-B. Both galaxies were later targeted by SDSS for spectroscopy, from which their global properties have been measured here. Figure 5 shows that RX J1420-A has properties consistent with the rest of the TDE host galaxies in our sample, while RX J1420-B is a stark outlier. Thus, we propose that RX J1420-A is the actual host galaxy of this TDE and suggest that the galaxy properties we focus on here, namely stellar surface mass density and velocity dispersion, can be used to identify the host galaxies of other TDEs in similar cases. Appropriately, throughout this work we have excluded RX J1420-B from calculations and statistical tests.
THE TDE RATE
After establishing that TDEs prefer host galaxies with high surface mass densities (most strongly in starforming galaxies and, at a lesser significance, in quiescent galaxies) and, perhaps, low velocity dispersions (to some extent in quiescent galaxies but not in starforming galaxies), and based on theoretical assumptions that the TDE rate should have some dependence (usually expressed as a power law) on the density and velocity dispersion of the stars in the loss cone of the SMBH, in this section we describe a statistical model for the TDE occurrence rate as a function of these global host galaxy properties. We formulate this dependence as
Statistical model
Let N (y|µ, Σ) generically indicate a multivariate Gaussian probability density in y with mean µ and covariance Σ. The model consists of the following ingredients.
1. Let x = (log 10 Σ M , log 10 σ v )
T be the vector of the latent (true, underlying) log values of the stellar mass density and the velocity dispersion of a galaxy. Letx be the estimated values of these quantities, which differ from the latent values x by measurement error. We assume Gaussian errors, 14 so the measurement likelihood function is P (x| x) = N (x| x, W ). For simplicity, we assume the measurement covariance matrix W is diagonal with known variances.
2. Using a large sample of background galaxies (that did not host TDEs), we estimate the density f gal (x) of galaxies in the x-plane. We do this nonparametrically by applying 2D kernel density estimation (KDE) to the volume-weighted sample of background galaxies described in Section 2.2. Because the measurement errors are small relative to the intrinsic scatter of the background galaxies in the x-plane, they can be ignored in this step when constructing the KDE for f gal (x).
3. We assume the enhancement of the TDE occurrence rate is a power-law function of the galaxy properties x:
β log 10 σv
where α, β are the parameters of interest we want to estimate.
Given these ingredients, the probability density of a TDE occurring in a host galaxy with measured propertiesx is proportional to the product of the background galaxy density, the enhancement function, and the measurement likelihood function,
with the latent galaxy properties x integrated out. The normalization factor is determined by requiring the probability to integrate to one, P (x|α, β) dx = 1, and is a function of the parameters α, β:
Now, we can construct the likelihood function of the enhancement parameters α, β, given measurements of the host properties D = {x i } of N observed TDEs:
With flat priors P (α, β) ∝ 1, 15 the posterior density of the parameters is proportional to this likelihood:
Parameter estimation
We apply our statistical model to the subsample of 10 TDE host galaxies with known Σ M and σ v values shown in Figure 5 (excluding the outlier RX J1420-B). Our first step is to find the maximum likelihood estimates (MLE) for α, β by optimizing the log of this likelihood function. Next, we evaluate this likelihood function on a 2D grid in α, β centered on the MLE. We show the likelihood contours in Figure 6 . We display the contours containing approximately 68%, 95%, and 99.7% of the highest posterior density as the black curves. Finally, we marginalize in each direction to obtain marginal posterior densities of each parameter P (α| D) and P (β| D). We compute the posterior mean and standard deviations of each parameterα = 0.9 ± 0.2 andβ = −1.0 ± 0.6. As expected from Section 3.2, we find a significant dependence on surface mass density and a hint of an inverse dependence on velocity dispersion. As more TDEs are discovered and their host galaxies analyzed, our statistical model will be useful for further testing the significance of these trends.
To test the sensitivity of these parameter estimates to the composition of the TDE host sample, we bootstrap resample the TDE hosts. For each bootstrap sample, we use the above procedure to find the parameter estimates. We examine the distribution over the bootstrap samples and find that the mean and standard deviations arê α boot = 0.88 ± 0.06 andβ boot = −0.9 ± 0.4. These estimates are consistent with the likelihood analysis above, although the dispersions underestimate the uncertainties. Conservatively, we take the posterior standard deviations of the original sample as our final uncertainties.
In practice, the impact of the measurement uncertainties ofx on the parameter estimates is quite small. This is because the typical uncertainty on log 10 (Σ M ) is ∼ 0.20 and on log 10 (σ v ) is 0.10. Since the product of the galaxy density f gal (x) and enhancement function R TDE (x) is smoothly and slowly varying on the scale of the measurement error, it can be approximated as a constant under the integral in Eq. 8, or equivalently, P (x|x) can be set equal to a delta function.
As in previous sections, Table 2 shows that the choice of TDE subsample has no effect on the results of our analysis beyond enlarging the uncertainties of the fitted parameters as the size of the samples decrease. Importantly, the direct dependence on surface mass density remains significant. Likewise, applying the stellar mass cuts from Table 4 to the control sample, or limiting the redshift range to 0.01 < z < 0.1, does not have a significant impact on α, β.
In this analysis, we have restricted the TDE hostgalaxy sample to those with Sérsic half-light radii (the top half of Table 3 ), so that we could compare them directly to the control sample. Adding the nine TDE hosts with Petrosian half-light radii, the majority of which have velocity dispersions measured by Wevers et al. (2017) instead of the Portsmouth pipeline, results in consistent estimates ofα = 0.86 ± 0.15 and β = −0.8 ± 0.5. PS1-10jh, which has a lower Σ M value than the rest of the sample, has very little effect on these estimates. Removing it from the sample results in α = 0.89 ± 0.15 andβ = −0.8 ± 0.5.
When the TDE and control samples are split between star-forming (three TDE hosts) and quiescent (seven hosts) galaxies, the estimates of α and β remain consistent, though with larger statistical uncertainties: α = 1.0 ± 0.3,β = 0.5 ± 1.2 for star-forming galaxies andα = 0.7 ± 0.3,β = −1.8 ± 0.8. As expected from Section 3.2, the dependence on Σ M remains significant, while the suggestion of an inverse dependence on σ v remains statistically insignificantly different from zero and is driven by the quiescent TDE hosts. The Σ M -σ v phase-space occupied by TDE hosts in Figure 5 includes 73% of all quiescent Balmer-strong galaxies and 36% of the quiescent moderately Balmerstrong galaxies. It is thus tempting to assume that the overabundance of these galaxies among TDE hosts stems from a shared predilection for the high stellar density observed in all TDE hosts. However, the overabundance of high-Σ M galaxies among TDE hosts, assuming that they account for only 12-30% of the galaxy population, 16 is a factor of ∼ 3-8, while in this work we find that quiescent Balmer-strong galaxies are overabundant among TDE hosts by factors of at least 10-30. 16 If we consider the full galaxy sample and the sample with log(M /M ) > 8 in Table 4 . The maximum-likelihood estimate of α, β (marked with a cross) isα = 0.9 ± 0.2 andβ = −1.0 ± 0.6. This implies a direct dependence of the TDE rate on global stellar surface mass density and suggests an inverse dependence on the global stellar velocity dispersion.
By this calculation, it is possible that another physical process, such as the production of a compact SMBH binary in the wake of a merger event (e.g., Chen et al. 2009 Chen et al. , 2011 ) is also at play. However, this calculation tacitly assumes that the local stellar surface mass density in the SMBH loss cone is linearly correlated with the global value. If, on the other hand, galaxies with the same global Σ M value have a range of sub-pc stellar surface mass densities, and TDEs preferentially occur in galaxies with local densities at the top of this range, our calculation might only represent a lower limit on the effect of stellar density on the TDE rate.
Σ M and galaxy quenching
There is a growing body of work that posits that before becoming quiescent, star-forming galaxies go through a phase of compaction (e.g., Cheung et al. 2012; Fang et al. 2013; Zolotov et al. 2015; Tacchella et al. 2016; Barro et al. 2017) . Interestingly, the critical stellar surface mass density at which this process occurs lies in the range log(Σ 1 ) = 9-9.4 (Woo et al. 2015) , where Σ 1 is the stellar surface mass density measured within a radius of 1 kpc around the center of the galaxy. Even though in this work we have measured Σ M using either the Sérsic or Petrosian r -band half-light radii (not strictly within 1 kpc of the core), the median log(Σ M ) of our TDE hosts, 9.5 +0.4 −0.1 , is consistent with the above range.
While the physical drivers that change morphology alongside the star-forming properties of galaxies might be different with redshift, and morphological change may not always precede an end to star formation, it is interesting to note that the TDE hosts so far have been either already quiescent galaxies, or star-forming galaxies with unusually high stellar surface densities.
If the TDE rate only depends on the dynamical relaxation of stars around the SMBH, and the effects seen here in the global properties of the TDE hosts are due to a correlation with the smaller-scale stellar properties closest to the SMBH, we should expect that as the TDE sample continues to grow we will begin to discover TDEs in hosts with log(Σ M ) < 9.5. If, however, we continue to find that TDE hosts always prefer galaxies with globally-high stellar surface mass densities, this might signal a connection between the process of morphological change in a galaxy and the TDE rate that goes beyond correlations to the conditions nearest to the SMBH. -Smith et al. (2017) , which appeared on arXiv several days before this work, conducted an independent and complementary analysis of TDE host-galaxy properties. This work considered a smaller sample of TDE host galaxies, which was also matched to the SDSS, but without accounting for the survey's magnitude-limited nature, as we do here.
Comparison to other works

Law
As in our work, Law-Smith et al. (2017) find that quiescent Balmer-strong galaxies are overrepresented among TDE hosts, though at a formally lower value than found by F16. The overabundance factors they find, based on their smaller sample, are similar to ours.
Importantly, Law-Smith et al. (2017) concentrate on a complementary set of galaxy properties to those considered here. They find that TDE hosts have high galaxy Sérsic indices and high bulge-to-total-light ratios, indicating that the cores of TDE hosts are denser than those of other galaxies. This is similar to our finding that TDEs prefer galaxies with high stellar surface mass densities. One difference is that we control for the type of galaxy in which the TDE is found (quiescent or starforming). As we show above, the determination that TDE hosts have higher stellar densities is driven principally by the star-forming hosts, whereas the stellar densities of the quiescent hosts are more consistent with those of the general quiescent population. Furthermore, although both works adhere to the A17 classification scheme, we control our analysis for different subsamples of TDE types. We have shown that our results are independent of TDE type.
Finally, we put forward a statistical model that empirically relates the TDE rate to the global galaxy properties we study here, Σ M and σ v .
van Velzen (2017) used a subsample of the TDE hosts studied by Wevers et al. (2017) to reconstruct the TDE luminosity and black-hole mass functions. Using a control sample of synthetic galaxies from the NYU valueadded catalog, he shows that, if the TDE rate depends only on the mass of the SMBH, R TDE ∝ M γ • , then γ needs lie in the range −0.5 to 0.3. The empirical rate we derive here is consistent with his measurements, and falls within this range.
Comparison to theory
Assuming that the global galaxy properties we use here are directly correlated with the local properties in the vicinity of the SMBH, the values of α, β quoted in Section 4 imply that the TDE rate is directly proportional to the density-and inversely proportional to the velocity dispersion-of the stars in the loss cone of the SMBH. Based on our TDE sample, only the first of these correlations is statistically significant; a larger sample of TDE host galaxies with both Σ M and σ v measurements is required to properly test the second assertion.
To estimate the rate of disruption, one needs to know the number of stars that orbit the SMBH and the velocity at which they encounter one another. These two quantities are related to each other at the SMBH's sphere of influence, the distance within which the cluster of stars orbiting the SMBH has a mass comparable to the SMBH (M (r < r h ) = 2M • ), with a size Peebles 1972) . Its average surface density is then Σ = M • /πr 2 h = σ 4 /πG 2 M • , where Σ and σ denote the local stellar surface mass density and velocity dispersion of the stars surrounding the SMBH. The velocity dispersion, as a property of the entire galaxy, has been found empirically to be correlated with M • , and this allows us to relate Σ and σ.
With all other variables fixed, two-body relaxation yields a disruption rate that scales inversely with M • and σ η , with the exact value of η depending on the cluster's radial density profile but η = 3 being typical (Magorrian & Tremaine 1999; Wang & Merritt 2004; Stone & Metzger 2016) . This suggests that perhaps higher velocity dispersions should lead to greater TDE rates. However, if one accounts for the fact that the SMBH mass is itself found to be a strong function of σ, the net dependence can be inversely proportional to σ. . If we take our nominal estimates for α and β (= η − 4α) and propagate their uncertainties, we find that η = 2.6 ± 1.0 and α = 0.9 ± 0.2, both of which are broadly consistent with the Wang & Merritt (2004) predictions that η = 3.5 and α = 1. This consistency is suggestive that the enhanced TDE rate is driven by a faster dynamical relaxation of the stars surrounding the SMBH, which may be simply a consequence of the black holes being lower in mass (as suggested by the low σ v values measured by Wevers et al. 2017 and hinted at in Section 3.2).
CONCLUSIONS
The rate of tidal disruption events (TDEs) is predicted to depend on the properties of the stars near the SMBH, which are on sub-pc scales and so rarely measurable. Here, we test whether the TDE rate depends on global galaxy properties, which are on kpc scales and directly observable. We concentrate on global stellar surface mass density, Σ M , and stellar velocity dispersion, σ v , which correlate with galaxy properties on small scales. We further test the overabundance of quiescent Balmerstrong galaxies (many of which have post-starburst, aka "E+A", spectra) among the host galaxies of TDEs, as first reported by Arcavi et al. (2014) and F16.
We assemble a sample of 37 host-galaxies for 35 TDEs identified primarily from X-ray or UV/optical imaging and classified as bona-fide candidates by A17. The host galaxies range in stellar mass from log(M /M ) = 8.5 to 11 and in redshift from 0.01 to 0.4. We measure the strength of the Hα and Hδ lines in archival spectra of the host galaxies and compare to similar values measured by the Sloan Digital Sky Survey (SDSS) Galspec pipeline for a volume-weighted control sample. For ten of these hosts, we use SDSS value-added catalogs to measure homogeneously their Σ M and σ v values and compare these properties with the control sample.
Our findings are:
1. TDEs are found in star-forming, quiescent, and quiescent Balmer-strong galaxies.
2. Although the TDEs in our sample are found in a range of galaxy types, four (or eight) of the 35 TDEs lie in rare quiescent, Balmer-strong galaxies, depending on the strength of the Hδ absorption line. When compared to their fractions in a volume-weighted SDSS control sample, the quiescent Balmer-strong hosts are overrepresented among the TDE host galaxies by a factor of 35
(or 18 +8 −7 ). This overrepresentation is lower than that found by F16, but formally consistent within the uncertainties. This overabundance does not depend on the TDE class; the values are similar for TDEs with and without known X-ray emission.
3. For the TDE hosts with homogeneous measurements, Σ M ranges over 10 9 -10 10 M /kpc 2 and σ v ranges over ∼ 40-140 km s −1 . These stellar surface mass densities are higher on average than the volume-weighted control sample of SDSS galaxies with similar redshifts and stellar masses. This difference arises for two reasons: (1) most of the TDE hosts in this subsample are quiescent galaxies, which tend to have higher Σ M values than the star-forming galaxies that dominate the SDSS control sample, and (2) the star-forming TDE hosts have higher average Σ M values than the SDSS star-forming control galaxies. There is also a (statistically insignificant) suggestion that quiescent TDE hosts have lower velocity dispersions than the control quiescent galaxy sample.
4. The higher-than-normal global stellar density of star-forming TDE hosts (and perhaps of quiescent TDE hosts as well) and the suggestion of lower global velocity dispersions (at least in quiescent TDE hosts) suggests that these global properties can act as proxies for the sub-pc-scale properties of the loss cone surrounding the SMBH. Following theoretical predictions that the TDE rate should depend on the density and velocity dispersion of the stars in the loss cone, we suggest an empirical formulation, R TDE ∝ Σ α M × σ β v . Applying a statistical model to the TDE hosts and the SDSS volume-weighted control sample, we estimateα = 0.9 ± 0.2 andβ = −1.0 ± 0.6. This significant, roughly linear dependence on Σ M , coupled with a suggestion of an inverse, linear (but not statistically significant) dependence on σ v , is broadly consistent with the TDE rate being tied to the dynamical relaxation of stars around the SMBH.
While a larger sample of TDEs is required to further test this picture, our work here suggests that some global properties of TDE host galaxies may be used to constrain stellar properties in the vicinity of the SMBH. Furthermore, by separating our sample of TDE hosts into star-forming and quiescent galaxies, we make it pos-sible for future theoretical works to undertake more detailed comparisons between the theoretical and observed TDE rates.
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A. STELLAR MASS CUTS AND THE SURFACE MASS DENSITY OF TDE HOSTS
In Section 3.2, we describe how limiting the volume-weighted galaxy sample to galaxies with stellar masses log(M /M ) > 8 or > 9 has no effect on the significance of the higher stellar surface mass density of TDE host galaxies. Here, we show how these stellar mass cuts affect the background distribution of Σ M and σ v shown in Figure 5 . As expected, limiting the stellar mass range of the control sample shifts it to higher Σ M values. This shift, however, is not strong enough to invalidate the significance of the higher stellar surface mass density of the TDE host galaxies. Figure 7 . Stellar velocity dispersion (σv) vs. stellar surface mass density (ΣM ) of TDE host galaxies with SDSS spectroscopy. Contours and symbols as in Figure 5 . The different rows show the effect of limiting the mass range of the background galaxy sample. As detailed in Table 4 , whether we require log(M /M ) > 8 (upper row), log(M /M ) > 9 (center row), or log(M /M ) > 9.5 (bottom row), we find that TDE hosts have significantly higher stellar surface mass densities than the general galaxy population. This trend remains significant in star-forming galaxies, but not in quiescent ones.
